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The use of silver ion exchanged zeolites for the sampling and subsequent analysis of tributyl 
phosphate (TBP) by laser desorption-mass spectrometry is presented. This technique, which 
should be generally applicable to any organic molecule that undergoes facile reaction with 
metal cations, uses silver counter ions in the zeolites as chemical ionization reagent ions to 
form metal cationized pseudomolecular ions of the molecule sorbed by the zeolite. Resonant 
laser ablation was used to selectively generate Ag+ from the zeolite sample to reduce the 
number of unwanted ions injected into the ion trap, although conventional desorption 
ionization can be used to create metal cations. The experiment is simple to implement, and 
provides a strong ion signal for the Ag(TBP)+ adduct species. Mass spectrometry/mass 
spectrometry provides data necessary for compound identification. Adsorption of TBP based 
upon zeolite pore size was modeled for two zeolite structures and their ability to accept TBP 
into their pore volumes; these computational results are strongly supported by the experi- 
mental data presented here. (J Am Sot Mass Spectrom 1997, 8, 718-723) 0 1997 American 
Society for Mass Spectrometry 
A current trend in analytical mass spectrometry, especially as applied to environmental analy- sis, is the development of fast, yet highly 
sensitive, screening methods. Because of their low va- 
por pressure and concomitant difficulties in sampling 
and introduction to the mass spectrometer, semivolatile 
organic compounds (SVOCs) have not received the 
attention that volatile organic compounds have had in 
the area of rapid sampling and analysis. Solid-phase 
microextraction using fused silica fibers provides one 
route to the facile sampling of SVOC contaminants 
directly from their native matrix [l]. However, tradi- 
tional methods of sample introduction for mass spec- 
trometry, such as thermal desorption and gas chroma- 
tography, are still employed for subsequent analysis. 
Laser desorption is an attractive alternative route to 
quickly vaporize SVOCs from the silica fiber into either 
a gas chromatograph [2] or mass spectrometer [3]. 
Sampling using fused silica microfibers can be further 
enhanced by chemical modification of the surface [3]. 
We describe here the use of zeolites as sorbents for 
laser desorption mass spectrometry. Two zeolites, mor- 
denite and ZSM-5, were evaluated for adsorption of 
tributyl phosphate (TBP), the target compound in this 
investigation. Molecular modeling, supported by mass 
spectrometric data, shows that mordenite is a far more 
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effective sorbent than ZSM5 for TBP. We also demon- 
strate chemical modification of a zeolite to incorporate a 
chemical ionization (CI) reagent directly within the 
sampling matrix. In the general case, laser desorption 
(with selective ionization) can be used to simulta- 
neously vaporize the analyte and the chemical ioniza- 
tion precursor from the zeolite, and subsequently create 
the reagent ions. 
Tributyl phosphate [molecular weight (MW) = 266 
Dal was chosen as the target compound for two rea- 
sons. First, TBP has been used extensively for the 
extraction of uranium and plutonium within the De- 
partment of Energy (DOE) [4] and is an environmental 
contaminant at some DOE sites [5]. The second reason 
relates to difficulties in the analysis of tributyl phos- 
phate. Because TBP does not exhibit strong characteris- 
tic spectroscopic signatures in the near-infrared to near- 
ultraviolet spectral region [6--g], mass spectrometry has 
become the analytical tool of choice for the detection of 
trace quantities. However, a problem associated with 
the mass spectral analysis of TBP lies in the method of 
ionization. Electron impact (EI) is relatively inefficient 
and causes extensive fragmentation of TBP. Secondary 
ionization mass spectrometry (SIMS) yields appreciable 
ionization efficiencies, but is still plagued by fragmen- 
tation and difficulty of compound identification. Chem- 
ical ionization (CI) has the potential to produce low- 
fragmentation ions [9]; the difficulty lies in achieving 
the necessary sensitivity for surface-adsorbed species. 
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The method described here achieves good CI yields for 
surface-adsorbed TBP, with low fragmentation. 
We will demonstrate specifically the production of 
silver-ion adducts with TBP. Our zeolites have been 
modified by the partial replacement of sodium atoms 
with silver [lo-121. Silver has been used previously for 
chemical ionization studies, both as an ionized salt [13] 
and as a laser-generated source [14]. Silver is an attrac- 
tive reagent ion as it yields a characteristic isotopic 
pattern that aids in the identification of silver contain- 
ing species. In addition, silver has a relatively low 
ionization potential, so that cationization of a wide 
variety of organic substrates with minimal fragmenta- 
tion is possible. 
Experimental 
Apparatus 
All experiments were conducted using a quadrupole 
ion trap-dye laser instrument that has been described 
previously 115, 161. The low mass cutoff of the ion trap 
during laser desorption/ionization was set to 35 Da 
with a 5 ms reaction period prior to a 35-450 Da mass 
scan. In some cases, the metal reagent ions were ejected 
by using a low mass cutoff just above their mass before 
the mass scan was executed. Fifty separate mass scans 
were averaged for each mass spectrum. Most experi- 
ments used an excimer (Questek, Billerica, MA, Model 
2110) pumped tunable pulsed dye laser (Lumonics, 
Ottawa, Ontario, Canada, HD300, -12 ns, -2 mJ, -0.17 
cm-’ bandwidth) with Coumarin 460 dye (440-480 nm) 
for resonant laser ablation. For some preliminary work, 
only the excimer laser (308 nm, 15 ns, attenuated to --I 
mJ) was used. The vacuum system is capable of base 
pressures -2 X lo-’ torr. The mass spectrometer was 
operated with helium buffer gas (99.9997%) at 3.0 X 
10-s torr (uncorrected) partial pressure for all experi- 
ments. 
Sample Preparation 
Tributyl phosphate (Acres Organics, Pittsburgh, PA) 
was used as supplied (99% purity). The zeolites mor- 
denite and ZSMS were obtained from PQ Corporation 
(Philadelphia, PA), and were washed overnight three 
times in 0.5 M aqueous ammonium fluoride to remove 
nonframework aluminum from the pores of the com- 
mercial zeolite. The zeolites were then ion exchanged 
with 0.5 M aqueous solutions of Agf (as AgNO,) by 
stirring overnight at 50 “C. The ion exchange was re- 
peated three times, followed by four washes with 
de-ionized water. The resulting zeolite was dried for 
24 h at 120 “C. 
The zeolites were then exposed to head space TBP 
vapors in a closed glass dessicator at room temperature 
in the dark. After exposure to TBP, the zeolites were 
mounted on clean stainless-stee1 probes (type 304L) 
with ethyl-cyanoacrylate glue (“super glue”), allowed 
to cure for 30 min in air, then inserted directly into the 
mass spectrometer for analysis. Mordenite was also 
exposed to perdeutero-acetone (Aldrich Chemicals, 
Milwaukee, WI) by a similar head space sampling 
arrangement. 
Metal Ion Production 
Silver metal ions were selectively created from the 
silver-substituted zeolite samples by resonant laser 
ablation (RLA) [17, 181. The use of RLA as a selective 
metal ion source for ion molecule reactions has been 
recently demonstrated 1151. For this work, the 
JKr1(4d’06s)2S,,, + [Kr](4d’05s)2S,,2 resonant transi- 
tion of Ag(1) at 42256.15 cm-’ was excited with two 
photons of 469.84 nm laser light, with an additional 
photon being absorbed to exceed the ionization poten- 
tial of silver, a (2 + 1) resonant ionization process. The 
laser pulse energy for these experiments was 60 pJ/ 
pulse as measured by a power meter (Laser Precision, 
Utica, NY, RJ762O/RSP735) inserted directly in the 
beam line. 
NMR Spectra 
The i3C NMR spectra were obtained on a Varian (Palo 
Alto, CA) Unity-400 NMR spectrometer operating at a 
nominal resonance frequency of 100 MHz. Spectra were 
obtained in a Varian Magic Angle Spinning probe using 
Bloch decays with high power proton decoupling. The 
decoupler was turned off between acquisitions to elim- 
inate nuclear Overhauser enhancements and care was 
taken to assure that peaks were not saturated. 
Molecular Modeling Experiments 
Visualization of the structures and molecular modeling 
was accomplished using CERIUS*, a molecular modeling 
program from BIOSYM/Molecular Simulations. An 
open force field energy minimization calculation was 
performed to see if tributyl phosphate will conveniently 
fit into the pores either of the two zeolites (mordenite or 
ZSM5). This was done by fixing the positions of the 
atoms in the zeolite structure, placing a tributyl phos- 
phate molecule in the pore, and allowing the tributyl 
phosphate structure to change to obtain an energy 
minimum. The force field used was the standard “Uni- 
versal Force Field” provided with the CERIUS’ software. 
Results and Discussion 
Preliminary Investigations 
Zeolites are alumino-silicate minerals with a tecto- 
silicate or “framework” structure [19]. They occur nat- 
urally or can be synthesized in the laboratory, and can 
be represented by the empirical formula M,,,,O * Al,O, * 
xSi0, * y 2 H 0, where M is a counter cation, n is the 
cation valency, x z 2, and y is a function of the porosity 
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Figure 1. The ‘aC NMR spectra measured for both liquid d6- 
acetone, and for the solid mordenite sample with @-acetone 
adsorbed into its pores. 
of the framework. Zeolites serve a number of useful 
chemical functions, including ion exchanging media, 
catalysts, and as selective sorbents (molecular sieves); 
several excellent reviews on zeolites exist in the litera- 
ture [20-221. As a combined sorbent and platform for 
laser desorption-mass spectrometry (LD-MS), zeolites 
have two distinct advantages: they can be used for the 
preferential or selective adsorption of a target molecule 
[23], and they are capable of holding absorbed mole- 
cules, even in a high vacuum environment. However, 
zeolites have the severe disadvantage of catalyzing the 
decomposition of absorbed organic molecules. 
Early research by this group with modified solid 
sample supports for the analysis of organic molecules 
by LD-MS [3] showed that zeolites would be feasible 
selective sample supports for volatile and semivolatile 
compounds. The zeolite mordenite was chosen for these 
LD-MS experiments. The mordenite was exposed to 
@-acetone vapor in a sealed container; after a several 
day exposure, the container had accumulated a signif- 
icant internal pressure that vented upon opening. The 
mordenite was then introduced to the mass spectrom- 
eter on a sample probe and desorption ionized by using 
the 308 nm excimer laser beam. The resulting mass 
spectrum (not shown) had a very weak parent molecu- 
lar ion signal at m/z 64, as well as several lower mass 
peaks resulting from catalytic decomposition of the 
acetone by the mordenite matrix. 
This decomposition is illustrated in Figure 1, which 
shows the 13C NMR spectra for both liquid @-acetone 
and for the solid mordenite sample with &-acetone 
adsorbed into its pores. The presence of the 25-35 ppm 
quartet for @-acetone is obvious for the mordenite solid 
state NMR data; the broad unresolved signal down field 
is attributed to decomposition products of @-acetone. 
The catalytic cracking of organic molecules by zeolites 
is well known [19, 20, 221 and is the basis of many 
industrially important chemical processes. As a final 
experiment in this series, a mordenite sample was 
equilibrated with head space TBP vapors. In this case, 
the sample was desorbed using -470 nm laser light 
rio’ 
0 
Figure 2. The LD-MS (470 nm) mass spectrum for TBP adsorbed 
into mordenite, without any chemical modification of the zeolite. 
The TiO+ signals observed originate from the cyanoacrylate glue 
used to mount the sample on the solids introduction probe. 
pulses from the excimer pumped dye laser. The result- 
ing mass spectrum is given by Figure 2, and aside from 
TiO+ (originating from the cyanoacrylate glue mixture), 
very few TBP fragment ions were observed. These 
experiments suggest that although a zeolite material 
can act as a sorbent for volatile compounds, and retain 
them for interrogation in a high vacuum environment, 
the catalytic cracking of the adsorbed material may 
negate any potential benefits derived. 
A potential method of reducing the acid site catalytic 
activity of a zeolitic material is to incorporate metals 
into the zeolite matrix as counter ions [19, 20, 221. This 
hinders the zeolite’s ability to decompose analyte mol- 
ecules adsorbed into the pores of its framework, which 
in turn makes zeolites more successful as sorbents for 
LD-MS analysis. As an added, and extremely impor- 
tant, benefit, metal-exchanged zeolites can also act as a 
reservoir for metal chemical ionization reagent atoms. 
Although TBP (or its decomposition products) was 
likely retained in the mordenite sample analyzed above, 
there was no efficient ionization mechanism for TBP 
(TBP has no strong absorption in the UV). Based in part 
on preliminary work with metal ion chemical ionization 
(CI) and TBP forming intact metal (TBP)+ species, the 
use of a counter metal ion in the zeolitic structure 
seemed to be a logical choice as a next step. 
Modified Zeolites for Tributyl Phosphate Analysis 
Two zeolites, mordenite and ZSM-5, were chosen to 
investigate the use of metal ion modified zeolites. This 
selection was based upon their 3D pore structures and 
their potential for capturing TBP molecules. The cavity 
size of mordenite is significantly larger (6.7-7.0 A) than 
that of ZSM5 (5.4-5.6 A). Molecular modeling experi- 
ments indicated that TBP was able to enter and remain 
in the pores of mordenite but not the ZSM5 sample. 
Both zeolites were exchanged with silver ions and 
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Figure 3. This figure combines the results of the molecular modeling study with the experimental 
results observed for the analysis of TBP. Panel (a) shows the framework of ZSM5 (rod framework) 
and a TBP molecule (ball and stick), illustrating that the dimensions of the ZSM-5 pores will not accept 
this molecule. Panel (b) is the mass spectrum obtained for this zeolite sample after silver ion exchange 
and subsequent exposure to TBP head space vapors, showing no signal for Ag(TBP)’ from this 
sample, only adducts with one and two molecules of ethyl-cyanoacrylate, the binder used for sample 
mounting. Panel (c) is the energy minimized model of a TBP molecule successfully retained in a 
mordenite pore, illustrating that for this zeolite, TBP is readily trapped by the structure. The final 
panel (d) is the mass spectrum for silver ion exchanged mordenite that was exposed to TBP head space 
vapors, showing large signals for the Ag(TBP)+ adduct, and for adducts with a loss of 1 to 3 butyl 
groups. Some minor adduct species are also observed for ethyl-cyanoacrylate mono and di-adducts, 
as was observed for panel (b). All Ag adducts show the characteristic isotopic doublet of silver, 
confirming that they are indeed silver containing species. 
subsequently exposed to TBP vapors as described 
above. The samples were then mounted on probes, 
introduced to the mass spectrometer, and analyzed by 
focusing -60 +J laser pulses (469.84 nm) upon them. 
The results are presented along with molecular model- 
ing data in the four panels of Figure 3. In Figure 3, the 
models indicate that TBP will only reside in the mor- 
denite pores and not the ZSM5 pores, illustrating the 
selective nature of different zeolites for different mole- 
cules based upon their pore dimensions. The mass 
spectra support this prediction: only silver ions are 
observed for the ZSM5 sample without any character- 
istic peaks for Ag(TBP)+ or its possible decomposition 
products. For the silver exchanged mordenite, a strong 
ion signal was observed for the Ag(TBP)+ adduct, with 
lesser ion signals observed for the fragments corre- 
sponding to Ag(TBP)+ adducts minus one, two, and 
three butyl groups. The isotopic doublet distribution of 
silver is observed for each adduct species. It should be 
noted that continued irradiation of a single location 
upon the silver exchanged mordenite:TBP led to erosion 
of the sample (the signal from a single spot rises then 
decays), but analysis of fresh spots on this sample 
showed the same signal rise and fall, even after 1 h in 
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Figure 4. This figure shows the mass spectra obtained during a 
MS/MS experiment used to confirm the identity of the Ag(TBP)+ 
adduct species. Part (a) shows ion isolation of the parent adducts, 
and part (b) is the progeny mass spectrum for CID of the 
io7A (TBP)’ g species. The experimental conditions used were 
storage at 115 Da, corresponding to a qZ value of 0.2799 for the 
parent (m/z 373), followed by ion isolation by Iow mass ejection, 
with CID at 110.622 kHz, 1.4 V(p-p), for 1 ms at 3.0 X 10m5 torr 
helium (uncorrected). In the figure, “-Bu” corresponds to the loss 
of C,H,. 
the mass spectrometer at 3.0 X 10P5 torr. Furthermore, 
strong Ag(TBP)+ signals were obtained for a sample 
that was removed from the TBP head space sampling 
vessel and stored for a 2 week period in a glass vial in 
the dark at room temperature. These data show that it is 
possible to utilize modified zeolites to selectively ad- 
sorb and retain semivolatile compounds prior to anal- 
ysis, and to use these zeolites to further extend LD-MS 
to semivolatile compounds through the use of in situ 
metal ions for ionization by metal ion CI. 
As a final note, the signals obtained by RLA of the 
Ag:zeolite were sufficiently stable that structural infor- 
mation studies were implemented. Figure 4a shows the 
isolation of Ag(TBP)+, followed by CID of the lo7Ag+ 
adduct species (Figure 4b), showing the loss of several 
butyl groups. This simple MS-MS experiment verifies 
that the fragments observed in the Ag(TBP)+ mass 
spectra could originate from butyl losses from the 
parent species, and are not necessarily products of 
catalytic decomposition of the TBP. 
Conclusions 
This work demonstrates the application of silver ion 
exchanged zeolites for use as sorbents to extend laser 
desorption-mass spectrometry to semivolatile com- 
pounds. The silver present in the zeolite was selectively 
ionized by resonant laser ablation to provide an in situ 
source of metal ions to act as a chemical ionization 
reagent for tributyl phosphate (TBP), the target com- 
pound used in this investigation. Silver ion substitution 
may also act to reduce acid site catalytic decomposition 
of organic molecules retained by a zeolitic material, an 
added plus of this methodology. For the two zeolite 
structures examined, molecular modeling suggested that 
TBP would only enter and be retained by mordenite and 
not ZSM5. This hypothesis was confirmed by laser des- 
orption-mass spectrometry (LD-MS) in situ metal ion 
chemical ionization analysis of these silver modified zeo- 
lites after exposure to TBP head space vapors. 
There are three major advantages to the use of 
chemically modified zeolites for the analysis of semiv- 
olatile compounds, such as TBP, by the method de- 
scribed in this work. First, zeolites are excellent as 
selective sorbents based upon the dimensions and na- 
ture of their pore volumes: molecules that will fit into 
these voids are preferentially retained over those that 
are too large or small [231. This feature could potentially 
be exploited to increase the selectivity and reliability of 
sampling and analysis. Second, chemical modification 
by metal ion exchange has the twofold advantage of 
reducing acid site catalytic decomposition and allowing 
access to metal ion chemistry, both of which act to 
improve the analytical methodology. Finally, the use of 
modified zeolites for in situ metal ion CI is a valuable 
variant method that extends the versatile method of 
LD-MS to semivolatile molecules that are otherwise 
difficult to quickly analyze by conventional mass spec- 
trometric techniques. 
The use of resonant laser ablation in these experi- 
ments, while not necessary, provides additional bene- 
fits. The most important is the selective creation of the 
CI reagent ion, which reduces the potential for undes- 
ired ion-molecule reactions in the ion trap and can 
minimize space-charge effects without resorting to se- 
lective ion storage techniques. Simple laser ablation also 
requires higher laser fluences than used by RLA. 
Higher fluences in LD-MS typically produce more frag- 
mentation of organic species, which is undesirable for 
labile molecules such as TBP. 
Further research is needed on the structure and 
trapping relationships for these modified zeolites in the 
dual role of selective sorbents and metal ion sources for 
LD-MS of SV compounds. The origins of the observed 
fragments from the Ag:mordenite matrix experiment 
are not clear; they may be the result of some residual 
catalytic decomposition of TBP by the solid zeolite 
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matrix or formed by gas-phase ion-molecule reactions 
in the laser plume. These effects are under current study 
by this group, as is the utility of different metal ions for 
modifying the chemistry and activity of the zeolites 
used. 
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